The colonization of solid surfaces by bacteria is a widespread phenomenon with major 2 consequences on environmental processes, biotechnology and human health. While much is 3 known about the molecular mechanisms of surface colonization, the influence of the physical 4 environment remains poorly understood. Here we show that the magnitude and location of 5 colonization of non-planar surfaces by motile bacteria is largely controlled by the local flow 6 conditions. Using microfluidic experiments with Pseudomonas aeruginosa and Escherichia coli, 7 we demonstrate that the velocity gradients created by a curved surface drive preferential 8 attachment to specific regions of the collecting surface, namely the leeward side of cylinders and 9 immediately downstream of apexes on corrugated surfaces, locations that are in stark contrast to 10 where non-motile cells attach. The preferential attachment location depends on the local 11 hydrodynamic conditions and, as revealed by a mathematical model benchmarked on the 12 observations, on cell morphology and swimming traits, while it is independent of the physico-13 chemical properties of the surface. The interplay between imposed flow and bacterial motility 14 further affects the overall attachment rate, increasing it by up to two orders of magnitude 15 compared to the non-motile case at moderate flow velocities of up to twenty times the bacterial 16 swimming speed. These results highlight the importance of fluid flow on the magnitude and 17 location of bacterial colonization of surfaces and provide a mechanistic model to predict 18 colonization in flow for a wide range of applications, from infection biology to bioremediation 19 and biofouling. 20 21 22
Introduction
GFP-tagged PA14 wt cells ( Fig. 1d; Supplementary Information) . The preferential leeward 200 attachment is clearly visible in terms of a higher fluorescence intensity, for example for the case 201 of a flow velocity U/V = 6.6 ( Fig. 1d, 2a ). Preferential leeward attachment was observed only for 202 motile cells, and was not observed for the two non-motile PA14 strains (flgE and motB; Fig. 2b , 203 c). The latter preferentially attach on the windward side of the pillar, as expected for passive 204 particles 32 . In agreement with the experimental evidence, the mathematical model shows that 205 bacterial motility determines the distribution of bacterial attachment sites around the pillar: 206 motile cells preferentially attach on the leeward surface of the pillar (Fig. 2d ), whereas non-207 motile cells attach only on its windward side ( Fig. 2e ). Furthermore, in experiments in which the 208 flow direction was reversed after 2.5 h, a second, symmetric attachment peak formed on the 209 opposite side (the originally windward side) of the pillar over the ensuing 2.5 h (Supplementary 210 Fig. 4 ), independently of the growth medium ( Supplementary Fig. 4 ), further confirming the 211 robustness of the phenomenon. region on the leeward side of the pillar (Fig. 5a ), which becomes more pronounced when the 226 flow velocity is doubled (U/V = 6.6; Fig. 5b , f). A further increase in the flow velocity (U/V = 227 13.3) shifts the preferential attachment toward the windward side of the pillar and leaves just a 228 small leeward peak (Fig. 5c ), which completely disappears at U/V = 22.2 ( Fig. 5d ,g). This shift is 229 consistent with the observed transition from a motility-dominated to a flow-dominated regime 230 with increasing flow velocity ( Fig. 3 ). primarily transported by the flow (Fig. 5e ,g), akin to passive particles (σθ/σu = 0.37) 38 . The fact 240 that the passive-particle limit is not reached in the experiments even for the highest flow velocity 241 tested (1000 µm/s) implies that even when the flow speed is substantially higher than the 242 swimming speed (U/V = 22.2), the process of attachment is not completely driven by flow, but 243 still influenced by motility. In addition, the model for motile cells (Fig. 5h , filled symbols) shows 244 the transition from leeward to windward attachment as the flow velocity increases from 2.2V to 245 22.2V, in very good agreement with observations ( Fig. 5i ), and also reaches the passive direct Supplementary Fig. 5 ). We therefore expect that spherical 265 swimmers, such as the alga Chlamydomonas reinhardtii 43 , will not exhibit preferential leeward 266 encounters through this mechanism ( Supplementary Fig. 5e results predict a sharp increase in the leeward attachment when swimmer elongation increases from 1 (spherical) to 3, and a plateau in the attachment for further increases in elongation ( Supplementary Fig. 6 ). Supplementary Fig. 7 ).
287
Leeward attachment originates from the interaction between motility and the shear generated by 288 the pillar, not from the physico-chemical properties of the pillar. We fabricated PDMS pillars of 289 different wettability ( Fig. 6a ) and stiffness (Fig. 6d) , and tested these for a single flow rate (U/V 290 = 6.6; Fig. 6 ). Whereas surface coverage varied with surface properties (being lower for more 291 hydrophilic and softer surfaces; Fig. 6c, f) , the angular distribution of surface colonization was 292 similar and a leeward attachment peak was robustly observed for all pillars tested ( Fig. 6b, e ).
293
Similarly, leeward attachment is not a consequence of the use of a specific medium. Growth 294 media can affect bacterial adherence to surfaces, due to changes in pH and electrolyte 295 concentration 44 . We quantified the attachment distribution of bacteria in two media (TB and AB 296 minimal medium) and for different dilutions of the same medium (Supplementary Information).
297
Results show that the bacterial distribution was similar regardless of the medium used and the 298 leeward attachment was always observed ( Supplementary Fig. 7) . The use of a diluted medium 299 allows us to exclude that bacterial growth was responsible for the observed angular distribution 
